the open probability of IK.ATP was not sensitive to pHI in the absence of ATP. In the presence of ATP, however, a decrease in pHi consistently increased the open probability of trypsin-modified IK.ATP by reducing ATP inhibition. In the absence of ATP the mean open probability was 0.43 ±0.07 at pH; 7.4, and 0.5 mM ATP decreased the mean open probability to 0.03 ±0.04 at pH; 7.4, but mean open probability was significantly increased to 0.20±0.07 at pH1 6.3 (n=7, p<0.01). Ca2' did not affect the activity of trypsin-modified lK.ATP in either the absence or presence of ATP at pH' 7.4. However, Ca2' was able to antagonize the low pHi effect. A similar concentration of Mg2`did not influence the low pH1 effect, suggesting that the pH; effect does not depend on a particular proton-ATP complex. These results suggest that an intrinsic proton binding site regulates ATP sensitivity in cardiac lK.ATP channels. This may be a mechanism for K' efflux via 1K.ATP in early ischemia before ATP is severely depleted. (Circulation Research 1993; 72:715-722) KEY WORDS * intracellular pH * ATP-sensitive K' channel * trypsin * rabbit ventricular myocytes ATP-sensitive K' current (IK. ATP) channels have been found in many tissues and increasingly these channels have been shown to play physiological and pathological roles. In heart, the IK.ATP channels may have particular importance in the K' efflux of early ischemia. The mechanisms underlying the regulation of IK. ATP, however, are not completely understood (for reviews see References 1-3). Studies on the regulation of these channels will not only help to clarify their roles, but may also provide information on the relation between the function and structure of these channel proteins.
In frog skeletal muscle, a marked stimulation of channel activity of IK. ATP in acidic conditions has been found4 and analyzed in some detail. 5 IK.ATP was studied using the conventional inside-out patch clamp technique at room temperature (22-25°C). Signals were recorded using a patch-clamp amplifier (Axopatch 1-D, Axon Instruments Inc., Burlingame, Calif.). The current signals were amplified to 50 mV/pA and stored on videocassette recorder (SL-HF900, Sony Co., Tokyo) via a PCM converter system (PCM 501ES, Sony Co., Tokyo) at a conversion rate of 40 kHz. The recorded signals were filtered through a four-pole Bessel low-pass filter (24 dB/octave, built in the patchclamp amplifier) at a -3 dB frequency and digitized at 5-30 kHz onto the disc of a computer (Masscomp 5450) using an 16-bit built-in analog-to-digital converter (AD16M, Masscomp 5450).
Channel activity was assessed by computing an estimated open probability (PO). Computation of P0 was done in two ways depending on the number (N) of channels in the patch. The total number of channels active in the patch was estimated either by counting the maximum level of unitary currents (when the number of channels was small N< 10, case 1) or by dividing the maximal current by the predicted unitary current amplitude (i) at the given voltage (when the number of channels was large, N> 10, case 2). For case 1, the total dwell time at each level was determined by using PCLAMP software (Axon). A 50% threshold criterion was used to detect events, and all events were confirmed visually. The open probability P0 was calculated using the equation derived by Spruce et al14 for case 1. For case 2, P0 was calculated from the measured mean current divided by the value of NxL The mean current was measured after baseline correction. Each P. was measured from continuous recordings of from 30 to > 120 seconds1' for case 1 or from continuous recordings of >5 seconds for case 2. This measurement, however, must be considered an estimated P0 because N could not be determined with certainty. There is no guarantee that all channels would be open at the time maximal current was measured. Also, under our recording conditions, some inward rectifying currents (IKI) were occasionally active in the patches (see Figure 1B for example). Pooled In guinea pig ventricular cells, treating IK ATP channels with trypsin can slow the run-down process. 10 We confirmed for rabbit ventricular cells that treating the intracellular face of the inside-out membrane patches with 1-2 mg/ml trypsin for 10-20 minutes in ATP-free solution also greatly slowed the rate of run-down. In addition, the channel activity maintained a constant level irrespective of changes in pH, for the ATP-free solution. Figure 1A shows examples of the effects after 3 minutes of exposure to low pH, on IK.ATP in an untreated patch (upper panel) and a trypsin-treated patch (lower panel), both in the absence of ATP. The PO of IK. ATP in the untreated patch decreased upon changing to the pHi 6.3 solution and did not completely recover after changing back to pHi 7.4 solution. In the trypsin-treated patch, application of pH, 6.3 solution had no apparent effect on the P0 of the channels. Thus, trypsin treatment prevented both reversible and irreversible reduction ofP0 induced by low pH1. Note that in low pHi solutions, a slight decrease in unitary current of IK. ATP was seen, consistent with previously published reports in frog skeletal muscle. 4 Prevention of run-down by trypsin treatment, therefore, provides conditions with relatively stable IK.ATP in different pHi, allowing for the study of the influence of H+; on the channel activity. Previous studies in frog skeletal muscle4 suggested that lowering pH, increased IK.ATP activity by antagonizing ATP-inhibition of channel opening. Figure 1B shows experiments of low pHi effects on K. ATP after about 5 minutes of exposure in an untreated patch (upper panel) and a trypsin-treated patch (lower panel), both in the presence of 0.5 mM ATP. In the untreated patch, application of 0.5 mM ATP greatly inhibited the activity of the channels. Reducing the pHi to 6.3 further decreased the channel activity in this patch. In some patches we observed a brief increase of channel activity immediately after the solution was changed to one with lower pHi. Channel activity in the untreated patch did not completely recover even after changing to an ATP-free, pH 7.4 solution. Pooled data from four experiments in untreated patches showed that P0 was 0.50±0.14 in the absence of ATP at pHi 7.4, decreased to 0.02±0.03 in the presence of 0.5 mM ATP at pHi 7.4, further decreased to a negligible 0.002±0.005 level at pH; 6.3 in 0.5 mM ATP, and increased only to 0.06±0.03 after return to ATP-free solution at pHi 7.4. In the trypsintreated patch, application of 0.5 mM ATP inhibited the channel activity to about the same level as in the untreated patch. But when pHi was lowered to 6.3 the channel activity significantly and consistently increased which is in sharp contrast to the decrease seen in the untreated patches. Upon return to ATP-free solution at pH 7.4, the channel activity recovered completely. In summary, for the trypsin-treated patch (:10 minutes) Figure 1B were done later in the same patch. These results are shown in the part to the right of the recording in Figure 3 . An obvious increase in the channel activity was observed at lowered pHi in the absence of Ca2+. effect is due simply to a reallocation of ATP-cation complexes, the same type of experiment was done by using magnesium instead of calcium (Figure 4 ). Keeping free ATP (including H-ATP) concentration at a similar range as in the case of Ca2, it was observed that Mg2d
id not antagonize the effect of low pHi to increase IK.ATP-These results were the same in four patches (P, at pHi 7.4 versus at pH, 6 I, 5pA vents run-down are not known. In a previous study, it was suggested that the trypsin may prevent run-down by cleaving the C-terminal region of the channel protein or associated proteins.'0 This region might link some intracellular factors, protein kinase-mediated phosphorylation for instance, to channel availability. Loss of intracellular factors associated with patch excision may change their conformation and result in channel closure. Cleaving of these parts would thus prevent run-down. Because it is irreversible, run-down is necessarily an experimental artifact, but what is the evidence that trypsin cleavage produces a physiologically relevant preparation for the pHi effect on lK.ATP channels? First, the behavior of the trypsin-modified cardiac channel with respect to pHi is similar to that of the unmodified frog skeletal muscle channel,5 suggesting that there may be a common and physiological mechanism. Second, an actual initial increase in channel activity in the presence of ATP after switching into low pHi solution in unmodified channels could often (but not always) be observed.
Although low pHi facilitates run-down of channel activity, the time course of this effect was much slower than the time course of pHi antagonism of ATP inhibition.
Therefore, an initial increase in channel activity immediately after lowering pHi might be expected. The reasons why it was not always observed are not known. (Figure 4) . Fourth, the trypsin-modified channel maintained essential characteristics of unmodified IK.ATP including K' selectivity, single channel conductance, and ATP sensitivity at normal pH. 10 The possibility remains, however, that the H+i activation of IK.ATP is caused by changes in the ATP-cation complex, which then alters IK.ATP inhibition. Lowering pHi increases the relative concentration of protonbound ATP, and if the proton-bound ATP is less potent in inhibiting channel activity than other ATP complexes, an increased channel activity would therefore appear in lowered pHi. We do not favor this alternative, however, because it cannot explain the differences between the pHi effects in the presence of Ca2+ versus Mg2'. Our results (Figures 3 and 4) demonstrate that in the trypsin-modified channels, Ca21i antagonized the H+i effect but Mg2+i did not obviously alter it, although under those two conditions, the free ATP (including H-ATP) levels were at similar relative concentrations. In IK.ATP channels of skeletal muscles, the above hypothesis was also considered to be insufficient to explain the stimulating effect of H+i on IK.ATP-4'20 A surface chargeshielding effect also appears unlikely to be the mechanism for the stimulating effect of H+j. The surface charge-shielding hypothesis assumes ATP binding to the channels within the field of membrane surface charges. Most ATP complexes in our solutions were negatively charged. The increase in H+i neutralizes negative membrane surface charges and therefore should result in an increase in the local concentration of ATP, leading to a further inhibition of channel activity. This is opposite to our results. Instead of the above explanations, we suggest that the interaction among H+j, Ca2+, and lK.ATP channel results from a binding to an intrinsic proton binding site on the channel or on a channel-related protein so as to induce a change in the ATP-mediated gating.
It is interesting to speculate about the physiological and pathological significance of these findings. IK. ATP has been suggested to be a major pathway for K' efflux in acute myocardial ischemia,21 but one puzzling aspect of this idea has been the fact that ATP levels are generally above the level required to keep the IK.ATP channel closed during acute ischemia. During early ischemia, pHi also falls quickly. 22 Through the stimulating effect of H+i on IK.ATP, K+ efflux could occur at a higher concentration of ATP. As ischemia progresses, Ca'+i is also accumulated, and this in turn could decrease IK.ATP by antagonizing the pHi induced increase. This mechanism might help to explain the plateau in extracellular K+ that occurs some minutes into experimental ischemia. 23 The findings in this study also have implications for the structure-function relation of the channel. Our results suggest trypsin appears to cleave a common part through which both H' and Ca2+ induce run-down of IK.ATP Trypsin modification unmasks either a stimulating effect of H+i on IK.ATP channels or an effect of H+ ions on the ATP-sensitivity of IK.ATP channels. Further investigation of the nature of this trypsin modification may offer us more information on the function-structure relation of these channels.
